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1 .  Abstract 


Picosecond  photoconductivity  is  used  to  generate  and  sense  transient 
millimeter  wave  radiation  from  monolithic  broadband  tapered  slotline 
antennas  integrated  on  ion  damaged  silicon  on  sapphire  substrates.  The 
far  field  is  observed  to  consist  of  a  traveling  wave  component  and  a 
standing  wave  component.  The  time  dependent  electromagnetic  impulse 
response  of  these  optoelectronic  transceivers  is  also  modeled. 


2.  Introduction 


Recent  studies  have  demonstrated  that  picosecond  photoconductivity  can 
be  used  to  generate  electromagnetic  transients  of  picosecond  duration 
[1],  The  use  of  photoconductivity  to  generate  millimeter  wave  radiation 
is  a  relatively  new  concept  in  picosecond  electronics.  It  has  many 
practical  and  spectroscopic  applications,  including  developing  a  new 
class  of  devices  capable  of  generating,  controlling,  and  detecting 
millimeter  waves.  Investigations  of  such  transients  from  discontinu¬ 
ities  in  microstrip  lines  [2]  deposited  on  semiconductor  substrates 
indicate  the  potential  for  producing  intense  coherent  pulses  with 
durations  less  than  one  picosecond,  however,  the  structures  used  in 
these  previous  experiments  were  not  optimized  for  efficient  radiation  of 
the  resulting  transient.  To  provide  some  control  of  the  spatial  and 
temporal  distributions  of  the  photoconduct  i  vel  y  generated  radiation, 
more  sophisticated  antenna  elements  must  be  employed. 

We  present  the  results  of  a  study  of  the  picosecond  impulse  response 
of  photoconductl vel y  driven  integrated  microelectronic  transmitter  and 
receiver  antennas  fabricated  on  a  common  semiconductor  substrate.  In 
addition  f urther  experiments  were  conducted  in  which  an  intervening  air 
gap  separated  the  transmitting  and  receiving  antennas.  The  advantages 
of  this  method  can  be  summarized  as  follows:  Unlike  the  transmission 
line  gaps  of  the  past  [1,3],  our  antennas  are  designed  for  radiation  of 
picosecond  transients.  We  have  incorporated  a  pump/probe  sampling 
technique  in  the  design  of  the  experiment,  hence  our  measurements  will 
be  more  accurate  and  we  expect  to  observe  high  frequency  components. 
The  photoconducting  gap  driving  the  antenna  Is  an  integral  part  of  the 
antenna  structure  and  there  is  no  aperture  between  transmitter  and 
receiver.  Thus,  these  structures  a re  completely  planar  and  can  be 
easily  fabricated  on  serai  conductor  substrates  using  conventional 

photolithographic  techniques.  Also,  the  antennas  are  small  in  size  and 
are  consequently  compatible  with  other  integrated  millimeter  wave 
circuits . 


3 .  Experimental  Design 


The  principle  of  our  experiments  is  illustrated  in  Fig.  1.  Identical 
transmitting  and  receiving  antennas  are  fabricated  on  silicon  on 
sapphire  (SOS)  substrates.  The  dimensions  of  the  antenna  were  obtained 
by  scaling  down  the  design  of  the  VivaLdi  aerial  first  proposed  by 
Gibson  [4].  The  length  l,  height  h,  and  aperture  sizes  a1  and  a^  were 
as  follows:  1-  2.96mm,  h«3.8mm,  a1«25um,  a0«1.9mm.  The  distance  between 
generator  and  detector  was  9mm  and  the  separation  between  transmitting 
and  receiving  antennas  when  fabricated  on 'the  same  substrate  was  3mm. 
Two  antenna  shapes  were  investigated.  One  was  an  Exponentially  Tapered 
Slot  Antenna,  STSA.  The  other  was  a  Linearly  Tapered  Slot  Antenna,  LTSA. 


.  K«*r) 


substrate 


Fig.  1.  Schematic  of  experimental 
configuration  using  matched 
optoelectronic  antenna  pairs. 
Dotted  line  indicates  Ex¬ 
ponentially  Tapered  Slot  An¬ 
tenna  (ETSA).  Solid  line  in¬ 
dicates  Linearly  Tapered  Slot 
Antenna  (  LTSA). 


The  duration  of  the  photoconduct i ve  transients  is  controlled  by 
bombarding  the  silicon  epiiayer  with  energetic  ions.  In  our  experiments 
we  ^mbardpd  the  silicon  with  lOOKev  and  200Kev  O  ion3  to  a  dosage  of 
10  cm  The  antennas  were  fabricated  on  the  radiation  damaged 
substrates  from  aluminum  fiLras  using  standard  photolithographic 
techniques.  The  photoconduct ive  generator  for  the  transmitting  antenna 
is  comprised  of  a  short  segment  of  slot  line.  This  slot  is  DC  biased 
and  discharged  pho  t  oconduc  t  i  vel  y  by  illuminating  the  gap  with  a 
picosecond  optical  pulse.  The  discharge  current  pulse  propagates  into 
the  antenna  region  where  it  dissipates  radiatively.  The  radiated  field 
which  is  emitted  along  the  endfire  direction  of  the  antenna  propagates 
to  the  opposing  antenna.  The  received  field  results  in  transient  bias 
voltage  across  the  receiver  slot  line  at  a  time  equal  to  the  propagation 
delay.  This  voltage  is  sampled  photoconductl vely  by  illuminating  the 
semiconductor  material  within  the  slot  line  with  a  second  picosecond 
optical  pulse  derived  from  the  same  source  as  the  exciting  pulse  and 
delayed  by  a  variable  time  t.  The  time  dependence  of  the  received 
signal  is  obtained  by  varying  the  time  delay  over  the  duration  of  the 
received  transient. 

4 .  Results.  Transceivers  on  Common  Substrate 

In  Fig.  2  we  show  a  trace  of  the  correlation  for  the  ETSA  pair. 
Superimposed  is  a  direct  correlation  of  the  photoconductl va  transient 
measured  on  the  same  material  using  a  conventional  microstrip 
correlator  [5].  The  data  clearly  demonstrates  that  the  signal  received 
is  the  time  derivative  of  the  photoconducting  driving  pulse.  Earlier 
work  at  much  longer  time  scales  [6]  indicates  that  the  ETSA  takes  the 
time  derivative  of  the  generator  signal  on  transmission. 


Fig.  2.  Correlation  trace  of  ETSA 
pairs  on  common  subtrate 
showing  isolated  traveling 
wave  component.  Dotted 
line  is  the  independently  mea¬ 
sured  photoconductive  pulse 
correlation. 


5.  Transceiver  Pairs  Separated  by  Air  Gap 

The  measured  correlation  traces  shown  in  Figs.  3(a)  and  3(b)  are  the 
results  obtained  when  the  transmitting  and  receiving  antennas  were  on 
different  substrates  separated  by  air  gaps  of  approximately  1cm  and 
0.7cm  respectively.  Figure  3(a)  is  the  signal  obtained  for  the  LTSA  and 
Fig. 3(b)  is  the  result  for  an  ETSA.  The  dashed  curve  in  each  figure 
corresponds  to  the  correlation  of  the  photoconductive  driving  pulse. 

The  results  for  the  air  spaced  ETSA  and  LTSA  are  clearly  different 
from  those  obtained  for  the  same  antennas  fabricated  on  a  common 
substrate.  Each  correlation  trace  Indicates  the  presence  of  a  fast 
transient  followed  by  a  decaying  oscillation  of  much  lower  frequency. 
When  the  antennas  are  on  the  same  substrate  the  oscillatory  component  is 
largely  suppressed  due  to  the  guiding  effects  of  the  closely  spaced  ends 
of  the  antenna  structure.  The  data  can  be  accurately  predicted  using  a 
model  response  function  derived  from  antenna  theory  [7]. 


Fig.  3.  Correlation  traces  with  antennas  on  seperate  substrates  (a)  LTSA  (b)  ETSA 


6.  Modeling  of  Transient  Behavior 

A  model  based  on  concepts  found  in  the  antenna  literature  has  been 
developed  which  accurately  predicts  the  picosecond  photoconductive 
response  of  these  structures.  Two  distinct  radiation  mechanisms  operate 
in  these  devices  -  a  travelling  wave  mechanism  which  produces  the 


initial  transient  and  a  standing  wave  mechanism  which  is  associated  with 
the  longer  time  oscillatory  radiation.  The  total  measured  response  is 
the  sum  of  the  traveling  wave  response  and  t'ne  standing  wave  response 
delayed  by  the  difference  in  propagation  times  in  the  antenna.  Tne 
calculated  response  based  on  this  model  is  shown  in  Fig.  4 .  Recent 
experiments  have  measured  responses  in  which  thesingle  transient  has 
been  isolated  from  the  standing  wave  component  and  is  in  fact  the  only 
signal  radiated  [8]. 


O.Uv  tone)  Delay  (Date). 

Fig.  4.  Calculated  response  based  on  theoretical  model  for  (a)  LTSA  (b)  ETSA 
7.  Conclusions 


We  have  shown  that  a  new  class  of  picosecond  optoelectronic  devices, 
fabricated  using  planar  antenna  technology,  can  be  used  to  generate  and 
sense  millimeter  have  radiation.  Our  results  indicate  that  these 
structures  can  be  readily  scaled  down  to  the  dimensions  required  for 
operation  with  femtosecond  transients.  In  addition,  a  time  domain  model 
of  the  broadside  transient  radiation  from  these  antennas  has  been 
proposed.  The  development  of  these  devices  will  provide  insights  into  a 
variety  of  transient  electromagnetic  problems  of  practical  and 
fundamental  interest.  This  work  was  directly  supported  by  the  Air  Force 
Office  of  Scientific  Research,  (Grant  AFOSR-84-0377 ) .  Additional 
support  for  our  general  efforts  were  provided  by  the  National  Science 
Foundation  (Grant#  NSFECS-8404495 ) . 

References 

1.  0 , H .  Au3ton,  K.P.  Cheung,  and  P.R.  Smith,  Appl.  Phys.  Lett.,  45, 
284,  (1984). 

2.  J.R.  Karin,  P.M.  Downey,  and  R.J.  Martin,  IEEE  J.  of  Quantm. 
Electrns . ,  QE -22,  677,  (1986). 

3.  D.H.  Auston,  and  P.R.  Smith,  Appl.  Phys.  Lett.,  43,  531,  (1  983)  - 

4.  P..J.  Gibson,  Proc.  9th  European  Microwave  Conference,  Brighton, 
101,  (1979). 

5.  O.H.  Auston,  A.M.  Johnson,  P.R.  Smith,  and  J.C.  Bean,  Appl.  Phys. 
Lett.,  37,  371 ,  (1980). 

6.  R.  Helderaann,  Th.  Pfeiffer,  and  D.  Jager,  Fiectrncs.  Lett.,  19, 
316,  (1983). 

7.  A .  P .  Defonzo,  M.  Jarwala,  and  C.R.  Lutz,  submitted  IEEE/0SA 
Conference  on  Lasers  and  El ectro-Opti cs ,  1987. 

8.  A . P .  Defonzo  and  C.R.  Lutz  to  be  published. 


/) /  //it*  /*-J  4.  U  // J. 


TRANSIENT  RESPONSE  OF  PLANAR  INTEGRATED 
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Abstract:  Broadband  tapered  slot  antennas  monolithically  integrated  on  ion  damaged 
silicon  on  sapphire  substrates,  are  driven  by  picosecond  photoconductivity  to  generate  and 
detect  millimeter  waves.  The  time  dependent  electromagnetic  impulse  response  of  these 
tranceivers  is  modeled  by  relating  the  antenna  structure  and  the  shape  of  the  exciting 
pulse.  The  far  field  response  is  observed  to  consist  of  a  traveling  wave  component  and  a 
standing  wave  component,  which  is  also  predicted  by  the  model. 
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1  Introduction 


Picosecond  photoconductive  transients  have  recently  been  used  to  generate  picosecond 
electromagnetic  transient  radiation  (lj.  Recent  studies  of  such  transients  from  discontinu¬ 
ities  in  microstrip  lines  [2]  deposited  on  semiconductor  subtrates  indicate  the  potential  for 
generating  intense  coherent  pulses  with  durations  less  than  one  picosecond  for  practical 
and  spectroscopic  applications.  Here,  we  demonstrate  the  concept  of  a  new  class  of  picosec¬ 
ond  optoelectronics.  We  present  the  results  of  a  study  of  the  picosecond  impulse  response 
of  photoconductively  driven  integrated  microelectronic  transmitter  and  receiver  antennas. 
We  also  show  how  picosecond  techniques  improve  our  understanding  of  the  behavior  of 
linear  antennas. 

The  principle  of  our  experiments  is  illustrated  in  Figure  1.  Identical  transmitting  and 
receiving  antennas  are  fabricated  on  silicon  on  sapphire  substrates.  The  photoconductive 
generator  for  the  transmitting  antenna  is  comprised  of  a  short  segment  of  aluminum  slot 
line  deposited  over  an  ion  implanted  layer  of  silicon.  The  slot  is  dc  biased  and  discharged 
photoconductively  by  illuminating  the  gap  with  a  picosecond  optical  pulse.  The  discharge 
current  pulse  propagates  into  the  antenna  region  where  it  dissipates  radiatively.  The 
radiated  field  which  is  emmitted  along  the  endfire  direction  of  the  antenna  propagates  to  the 
opposing  antenna.  The  received  field  results  in  a  transient  bias  voltage  across  the  receiver 
slot  at  a  time  equal  to  the  propagation  delay.  This  voitage  is  sampled  photoconductively 
by  illuminating  the  semiconductor  material  within  the  slot  with  a  picosecond  optical  pulse 
derived  from  the  same  source  as  the  exciting  pulse  and  delayed  by  a  variable  time  r.  The 
time  dependence  of  the  received  signal  is  obtained  by  varying  the  time  delay  over  the 
duration  of  the  received  transient. 
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2  Experiment 


* 


The  duration  of  the  photoconductive  transients  is  controlled  by  bombarding  the  silicon 
epilayer  with  energetic  ions.  In  our  experiments  we  bombarded  the  silicon  with  lOOfcev  and 
200kev  0+  ions  to  a  dosage  of  10l5cm“2.  The  antennas  were  fabricated  on  the  radiation 
damaged  substrates  from  aluminum  films  using  standard  photolithographic  techniques. 
Two  antenna  shapes  were  investigated.  One  was  an  exponentially  tapered  slot  antenna, 
ETSA,  [3].  The  other  wa a  a  linearly  tapered  slot  antenna,  LTSA  [3].  The  overall  length 
of  the  antennas  was  2.9mm,  the  width  at  the  aperture  was  1.9mm  and  the  slot  width  was 
30  microns. 

The  optical  pulses  were  obtained  from  a  modelocked  dye  laser  in  the  standard  three 
mirror  configuration.  Modelocking  was  achieved  by  synchronously  pumping  an  R6G  dye 
jet  with  the  frequency  doubled  output  of  an  actively  modelocked  Nd:YAG  laser  operating 
at  l.OOrmcrons.The  standard  autocorrelation  SHG  measurement  technique  [4 1  was  used  to 
determine  the  pulse  width  of  the  modelocked  dye  laser  pulses.  The  minimum  pulse  width 
was  measured  to  be  less  than  2 ps  and  could  be  lengthened  to  6 ps  by  adjusting  the  cavity 
parameters.  The  pulses  were  split  using  a  variable  delay  line  in  the  standard  pump  probe 
configuration.  The  pump  pulse  was  focussed  into  the  transmitter  slot  and  the  delayed 
probe  pulse  was  focussed  into  the  receiver  slot.  The  transmitter  slot  was  dc  biased  in  the 
10  to  40  volt  range.  The  time  sampled  receiver  signal  was  passed  through  a  low  frequency 
amplifier  and  plotted  as  a  function  of  time  delay  between  the  pump  and  probe  pulse  on 
an  x  —  y  plotter. 

The  measured  correlation  traces  are  show  in  Figure  2.  Figures  2  (a)  and  (b)  show  the 
results  obtained  when  the  transmitting  and  receiving  antennas  were  on  different  substrates 
separated  by  air  gaps  of  approximately  1cm  and  0.7 cm  respectively.  Figure  2  (a)  is  the 
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result  obtained  for  LTSA.  Figure  2  (b)  is  the  result  obtained  for  an  ETSA.  Figure  2  (c) 
shows  the  reeult  obtained  for  an  ETSA  transmitter  receiver  pair  fabricated  on  common 
substrate  with  a  separation  distance  of  3mm.  The  dashed  curve  in  each  figure  is  the  corre¬ 
lation  trace  independently  obtained  from  a  photoconductive  cross  correlator  configuration 
commonly  used  to  determine  the  duration  of  photoconductive  transients  [5]. 

The  results  for  the  air  spaced  ETSA  and  LTSA  are  similar.  Each  correlation  trace 
indicates  the  presence  of  a  fast  transient  followed  by  a  decaying  oscillation.  When  the 
antennas  are  on  the  same  substrate  the  oscillatory  component  is  largely  suppressed.  Direct 
comparison  of  the  photoconductive  correlation  with  the  antenna  correlation  indicates  that 
initial  transient  is  the  derivative  of  the  photoconductive  transient. 

3  Theoretical  Discussion 

We  analyze  the  data  in  terms  of  a  time  domain  model  of  transient  radiation  from 
antennas.  The  model  is  baaed  on  concepts  found  in  the  antenna  literature  [6,7,8].  Our 
objective  is  to  relate  the  main  domain  related  features  in  the  data  to  the  structure  of  the 
antenna  and  the  shape  of  the  drive  pulse.  Only  the  main  elements  of  the  model  will  be 
presented  here.  The  details  will  be  published  elsewhere. 

We  begin  by  assuming  there  are  two  distinct  radiation  mechanisms  [6]-a  traveling  wave 
mechanism  for  the  initial  transient  and  a  standing  wave  mechanism  for  the  longer  time 
oscillatory  radiation.  We  analyze  that  the  radiation  received  in  the  far  field  results  from 
the  transient  and  oscillatory  photo  induced  currents  in  the  antenna.  A  geometric  construct 
is  used  to  simplify  the  analysis  as  show  in  Figure  3  (a).  First  we  consider  the  traveling  wave 
radiation  in  the  ideal  dispersionless  case  for  a  step  excitation.  The  excitation  propagating 
from  the  source  radiates  continuously  as  «  result  of  the  accelerate  ^  charge  at  the  step 
[8].  The  sign  of  the  radiation  reverses  at  time  t  =  4  due  to  reflection  from  the  end  of  the 
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antenna.  For  an  observer  in  the  far  field  along  the  endfire  direction,  6  =  90°,  the  retarded 
field  will  have  the  form  shown  in  Figure  3  (b).  The  response  function  for  a  square  pulse  is 
obtained  by  superimposing  the  step  response  with  its  inverse  delayed  by  the  pulse  duration 
as  shown  in  Figure  3  (c).  If  L/c(  1  -  cosy?)  <<  rp  pulse  width,  we  may  approximate  the 
response  function  with  delta  functions  as  shown  in  Figure  3  (d).  Convolving  the  response 
function  with  small  reflection  with  a  gaussian  pulse  yields  3  (e)  which  conforms  with  the 
analytical  and  numerical  (moment  method)  results  obtained  for  a  “reflectionless”  linear 
antenna. 

The  standing  wave  contribution  results  from  the  acceleration  of  charge  due  to  reflection 
at  the  edge  of  the  antenna.  The  broadside  response  function  for  an  ideal  dispersionless 
lossless  delta  function  excitation  is  shown  in  Figure  4  (a).  Reflection  losses  may  be  modeled 
with  a  reflection  coefficient  as  shown  is  Figure  4  (b).  Thua  the  total  despersionless  response 
function  has  the  form: 

n  =  1 

f(t)  =  A  ^(-1)"  6  (t  -  nT\)  -  traveling  wave  eqn  1 

O 

n 

f(t)  =  A  ^(-i)"(l  -  r)3  r2n  S  [i  ~  nTz)  -  standing  wave  eqn  2 

O 

Where: 

T\  =  rp  =  width  of  photoconductive  pulse 

T  u 

Tl  Cef! 

2 L  =  length  of  antenna 
Ceff  =  effective  velocity  of  light  in  material 

The  measured  far  field  traveling  wave  response  is  predicted  by  twice  convolving  the 
response  function  of  equation  1  with  a  gaussian  fucntiona  representing  the  photoconductive 
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pulse  shape.  Similarly,  the  measured  far  field  standing  wave  response  is  predicted  by  twice 
convolving  equation  2  with  the  same  photoconductive  pulse.  The  total  measured  response 
is  the  sum  of  the  traveling  wave  response  and  the  standing  wave  response  delayed  by  the 
difference  in  propagation  times  in  the  antenna.  The  calculated  response  baaed  on  the  above 
model  is  shown  in  Figure  5  (a),  5  (b),  and  Figure  5  (c).  The  model  yields  excellent  overall 
agreement  with  the  data. 

Reexaming  the  data  in  the  light  of  the  model,  one  obvious  difference  between  the 
LTSA  and  ETSA  responses  becomes  apparent;  the  double  hump  in  the  initial  portion  of 
the  LTSA  response.  Our  model  indicates  that  the  underlying  origin  of  this  feature  is  that 
the  delay  between  the  traveling  wave  response  and  standing  wave  response  in  LTSA  is 
greater  than  the  corresponding  delay  in  the  ETSA.  This  suggests  that  the  traveling  wave 
in  the  LTSA  experiences  greater  wave  guiding  despersions  and,  hence,  travels  at  a  slower 
velocity. 

4  Conclusions 

We  have  demonstrated  the  concept  of  planar  optoelectronic  picosecond  tranceivers 
comprised  of  photoconductively  driven  tapered  slot  antennas.  The  far  field  transmitter 
response  is  composed  of  two  distinct  components:  a  traveling  wave  component  and  a 
standing  wave  component.  The  response  can  be  accurately  modeled  in  the  time  domain 
using  simple  geometric  constructs.  The  resulting  response  functions  may  be  used  to  predict 
the  response  to  an  arbitrary  excitation  waveform.  Such  antennas  provide  a  unique  oppor¬ 
tunity  for  studying  a  variety  of  electromagnetic  transient  scattering  problems  as  well  as 
an  entirely  new  method  for  characterizing  antennas  and  guiding  structures  in  the  ultrafast 
time  domain. 
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6  Figure  Captioni 


Figure  1. 


Figure  2. 


Fig  -e  3. 
Figure  4. 

Figure  5. 


Schematic  of  experimental  configuration  using  matched  optoelectronic  antenna  pairs. 
Dotted  line  indicates  Exponentially  Tapered  Slot  Antenna  (ETSA).  Solid  line  indicates 
Linearly  Tapered  Slot  Antenna  (LTSA).  The  pump  pulse  excites  the  transmitter  at 
time  t  and  the  probe  pulse  samples  the  receiver  at  t  +  r. 

(a)  Correlation  trace  of  LTSA  with  the  transmitter  and  receiver  on  separate  sub¬ 
strates.  (b)  Correlation  trace  of  the  ETSA  with  transmitter  and  receiver  on  separate 
substrates,  (c)  Correlation  trace  of  ETSA  with  transmitter  and  receiver  on  a  common 
substrate  showing  the  isolated  traveling  wave  component.  The  dotted  line  in  (a),  (b), 
and  (c)  is  the  autocorrelation  trace  of  the  independently  measured  photoconductive 
transient  response. 

Traveling  wave  response  function  analysis. 

Standing  wave  response  function  (a)  for  lossless  case  (b)  with  reflection  coefficient  r 
used  to  model  losses. 

Calculated  response  based  on  the  theoretical  model  for  (a)  LTSA  (b)  ETSA  (c)  Trav¬ 
eling  wave  component. 
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Radiation  From  Optoelectronic  Antennas 

Alfred  P.  De  Fonzo,  Madhuri  Jarwala  and  Charles  Lutz 
Department  of  Electrical  and  Computer  Engineering 
University  of  Massachusetts,  Amherst  MA  01003 
413-545-2374 


Abstract: A  model  is  presented  that  accurately  predicts 
the  time  dependence  of  the  electromagnetic  impulse  response  of 
integrated  optoelectronic  linear  antennas  driven  by  picosecond 
photoconductivity. 
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Picosecond  and  subpicosecond  photoconductivity  is 
increasingly  being  used  to  generate  short  burst  of 
electromagnetic  radiation.  In  the  most  recently  reported 
experiments  ,  radiation  was  both  transmitted  and  received 
photoconductively  using  well  defined  linear  antennas  [1,2]. 
Typical  waveforms  measured  in  the  far  and  near  fields  are  shown 
in  Figure  1.  Also  shown  is  the  independently  measured 
autocorrelation  trace  for  the  photoconductive  transient  driving 
the  transmitter.  The  antenna  structure  that  generated  the 
waveform  in  figure  1  is  shown  in  figure  2.  To  predict  the 
response  of  the  antenna  to  picosecond  photoconductive  pulses  we 
replace  the  tapered  slot  line  antenna  with  a  "bent"  linear  wire 
antenna  as  shown.  The  impulse  response  function  is  obtained  by 
considering  the  radiation  due  to  a  square  pulse  which  propagates 
from  the  generator  to  the  wire  ends  and  back  again.  There  are 
two  principle  sources  of  radiation.  The  first  source  is  the 
acceleration  of  charge  at  the  front  and  back  end  of  the 
propagating  current  pulse  ,  From  direct  analysis  in  the  time 
domain,  the  far  field  traveling  wave  response  function  for  this 
source  is  found  to  be  : 

t(T,=A(n,l(-i)”exp  ] x  f i+erf  [  ^nT' 
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The  second  source  is  the  acceleration  of  charge  resulting  from 
the  reflection  of  the  driving  pulse  from  the  antenna  ends.  The 
far  field  standing  wave  response  for  a  square  current  pulse  is 
then: 


f  (  r  )  =  C  £(-l)  n  (1-r2  )  y2"^  p-  exp 

ruQ  . 


-(  ? -nT,  ) 
2  e. 


x  [  1+er£  [  Tre  +  ^nT-’  ] 


Where  ^  =delay  time,  "^"i  =  =  width  of  the  photoconductive 

pulse  assuming  a  gaussian  shape,  =  the  transit  time  of  the 

pulse  from  the  generator  to  the  end  of  the  antenna. 

The  transmitted  response  to  a  given  pulse  excitation  is  obtained 
by  convolution  with  the  gaussian  photoconductive  pulse.  Twice 
convolving  obtains  the  receiver  response.  The  calculated  result 
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for  a  linear  tapered  slot  antenna  excited  by  a  gaussian  pulse  are 
shown  in  figure  3.  Comparison  with  figure  1  demonstrates  the 
excellent  agreement  between  experiment  and  the  mode] .  Given  the 
overall  dimensions  of  an  antenna  and  the  shape  of  the  driving 
pulse  ,  the  model  can  accurately  predict  the  broadside  waveform 
of  both  the  transmitted  and  received  signals.  The  model  is  being 
extended  to  non-broadside  geometries.  In  conclusion  ,  we  have 
developed  a  model  of  the  transient  response  of  monolithic  slot 
line  antennas  driven  by  picosecond  photoconductive  transients. 
Such  models  will  be  useful  in  the  development  of  devices 
suitable  for  the  optical  generation  ,  control  and  sensing  of 
millimeter  and  submillimeter  waves. 


DeFonzo,  Jarwala,  Lutz  - Radiation  from.... page  5  of  6 


REFERENCES 

1.  A. P.  DeFonzo,  C.Lutz,  and  M.  Jarwala , -accepted  for 
presentation  and  publication,  IEEE/OSA  Conference  on  Picosecond 
Electronics,  TAHOE,  (1987) 

2.  A. P.  DeFonzo,  M.  Jarwala,  and  C.  Lutz,  -Applied  Physics 
Letters,  submitted  for  publication 

3.  A . P .  DeFonzo  ,  M.  Jarwala,  and  C.Lutz,  IEEE  Transactions  on 
Antennas  and  Propagation-to  be  submitted 


DeFonzo,  Jarwala,  Lutz  - Radiation  from. .. .page  £  of  6 


FIGURE  CAPTIONS 

Figure  1.  (a)  correlation  trace  of  LTSA  with  transmitter  and 

receiver  on  different  substrates  separated  by  a  gap.  Dotted  line 
-photoconductive  autocorrelation  trace,  (b)  correlation  trace  of 
ETSA  showing  travelling  wave  component. 

Figure  2.  (a)  Linearly  tapered  slot  antenna  showing  contractions 
for  determining  impulse  response  function,  (b)  Travelling  wave 
response  function,  (c)  Standing  wave  response  function. 

Figure  3.  Calculated  response  for  LTSA  with  gaussian  input  pulse 
based  on  the  theoretical  model  desribed  in  text. 
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Generation  and  Sensing  of  Millimeter  Waves  with  Ultrafast 
Optoelectronic  Integrated  Antenna  Elements 


Alfred  P.  De  Fonzo,  Madhuri  Jarwala  and  Charles  Lutz 
Department  of  Electrical  and  Computer  Engineering 
University  of  Massachusetts,  Amherst  MA  01003 
413-545-2374 

ABSTRACT:  The  development  of  broadband  tapered  slot  antennas 
monolithically  integrated  on  ion  damaged  silicon  on  sapphire 
substrates  that  were  used  to  transmit  and  receive  optically 
generated  centimeter/  millimeter  wavelength  radiation  is 
reported . 
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Using  new  integrated  photoconductive  slot  antennas,  we 
demonstrate  for  the  first  time  the  generation  and  sensing  of  both 
short  burst  and  quasi  continuous  radiation  spanning  the 
millimeter  wave  bands.  The  devices  efficiently  generate  radiation 
in  the  far  field  with  bias  voltages  in  the  1  -50  volt  range  and 
optical  pulse  energies  in  the  pico  and  subpico joule  range.  The 
photoconduct ively  sampled  receiver  senses  the  transmitted 
radiation  in  the  far  field  '.:ith  excellent  signal  to  noise  ratio 
using  a  100  Mhz  sampling  rate. 

Previous  schemes  for  generating  and  sensing  picosecond  burst 
of  millimeter  wave  radiation  in  small  scale  semiconductor  devices 
evolved  from  the  study  of  unexpected  spurious  radiation  from 
microstrips  or  discontinuity  in  microstrips  in  non  planar 
geometries  not  necessarily  optimized  for  radiation  [1,2].  The 
devices  presented  here  are  based  on  planar  integrated  waveguide 
and  antenna  technology  [3].  Such  waveguides  afford  ease  in 
optical  coupling  and  have  potential  instantaneous  electrical 
banowidths  from  dc  to  greater  than  a 


terahetz . 
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Our  initial  work  was  on  closely  coupled  transceivers  on  a 
common  substrate  [4].  Here  we  report  the  results  of 
characterizing  optoelectronic  millimeter  wave  transceivers  with 
the  transmitter  and  the  receiver  on  different  substrates 
separated  in  space  .  The  basic  configuration  of  the  devices  is 
shown  in  Figure  1.  Each  tapered  slot  antenna  is  formed  from  an 
aluminum  film  deposited  on  a  silicon  on  sapphire  s^ostrate.  The 
substrate  was  prebombarded  with  0+  ions  at  100  Kev  and  200Kev  to 
dosages  of  10A15  /  cmA2.  Standard  photolithographic  techniques 
were  used  to  etch  the  antenna  pattern  in  the  thermally  evaporated 
aluminum  film.  The  feed  end  of  the  slot  antenna  was  30  microns 
wide  and  the  aperture  end  was  2.9  mm  wide.  Two  forms  of  tapers 
were  investigated  :  an  exponentially  tapered  slot  antenna  (ETSA) 
as  indicated  by  the  dotted  line  in  Figure  1  ;  and,  a  linear 
tapered  slot  antenna  (LTSA) . 

The  transceiver  is  operated  by  exciting  the  biased  feed 
slot  of  the  transmitter  with  a  short  optical  pulse  at  time  t 
and  sampling  the  receiver  output  slot  with  a  short  optical  pulse 
at  a  delayed  time  t+Z  .  The  waveform  is  determined  over  all 
time  by  sampling  over  a  range  of  T  . 
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The  sampled  waveform  for  a  LTSA  transmitter  and  receiver  spaced 
lcm  apart  is  shown  in  Figure  2 .  The  data  was  taken  with  2 
picosecond  optical  pulses  from  a 

modelocked  dye  laser.  The  transmitted  signal  is  composed  of  an 
initial  fast  transient  followed  by  a  quasi  continuous  damped 
oscillation  of  much  lower  frequency.  The  quasi  continuous 
radiation  can  be  suppressed  by  matching  the  end  points  of  the 
antenna  into  a  slot  line.  The  data  can  be  accurately  predicted 
using  a  model  response  fuction  derived  from  antenna  theory  [5  ]. 

The  present  device  demonstrates  the  potential  for  optical 
generation,  control  and  sensing  of  millimeter  waves  using 
technology  that  may  be  easily  incorporated  into  existing 
monolithic  fabrication  procedures. 
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FIGURE  CAPTIONS 

Figure  1.  Optoelectronic  transmitter  and  receiver  on  individual 
substrates  separated  in  space.  Solid  line  indicates  LTSA.  Dotted 
line  indicates  ETSA  (see  text) 

Figure  2. (a)  Correlation  trace  of  LTSA  with  transmitter  and 
reciever  on  separated  substrates.  Dotted  line  is  the 
autocorrelation  trace  of  theindependently  measured 
photoconductive  transient  response,  (b)  Correlation  trace  of  ETSA 
showing  the  isolated  travelling  wav_  comp^n^m.. 
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1.  Abstract 

We  report  on  the  recent  advances  in  using  integrated  planar 
antenna  technology  to  photoconductively  generate  and  detect 
picosecond  radiation.  Detection  of  a  single  pulse  of  picosecond 
duration  has  been  achieved  using  a  coplanar  antenna  structure 
fabricated  on  a  radiation  damaged  silicon-on-sapphire 
substrate. 


2 .  intro<tuction 

Recent  experiments  have  shown  that  fast  optoelectronic 
switches  monolitically  integrated  with  an  appropriate  guiding 
structure  can  be  used  to  generate,  control,  and,  detect 
picosecond  bursts  of  electromagnetic  radiation  [1,2,3].  Potential 
advantages  of  such  devices  include  the  ability  to  transmit  wide 
bandwidth  electrical  signals  with  limited  distortion  caused  by 
dispersion  and  other  frequency-dependent  losses,  the  capability 
of  integration  with  existing  millimeter  wave  circuits,  and 
the  ability  to  provide  optical  interfaces  to  these  circuits.  Such 
devices  should  prove  useful  as  samplers  and  electrical 
interconnects  in  various  millimeter  wave  applications.  However, 
in  order  to  control  the  spatial  and  temporal  distribution  of  the 
radiated  wavefront,  it  is  necessary  to  employ  more  sophisticated 
antenna  elements  than  simple  gap  discontinuities  in  microstrip 
transmission  lines. 

In  our  initial  work [2, 3],  we  demonstrated  the  concept  of 
using  a  planar  antenna  structure  deposited  on  radiation  damaged 
silicon-on-sapphire  substrates  to  transmit  and  receive  transient 
radiation  produced  by  photoconductive  switches  which  were  driven 
by  picosecond  laser  pulses.  A  model  which  predicts  the 
transient  behavior  of  these  antennas  was  also  developed.  Figure 
1  shows  the  received  signal  obtained  from  this  antenna  structure 
and  the  inset  is  a  schematic  diagram  of  the  device.  This 
waveform  consists  of  two  components,  an  initial  fast  transient 
followed  by  an  interval  of  long  period,  decaying  oscillation.  In 
this  letter,  we  report  on  the  results  of  experiments  conducted 
using  an  entirely  new  class  of  optoelectronic  antennas.  The 
design  was  motivated  by  the  need  to  develop  a  structure  in  which 
the  radiated  electric  field  was  a  replica  of  the  optical  pulse, 
free  of  any  ringing  or  standing  wave  components [ 3 ] .  The  design 
was  based  on  conclusions  obtained  from  the  modeling  of  the 
various  radiation  mechanisms  in  the  recently  reported  structure 
and  represents  a  significant  advance  in  picosecond  electronic 
technology.  In  addition, it  is  required  that  the  device  posses  a 
flat,  wide  bandwidth  frequency  characteristic  which  would 
minimize  any  distortion  of  the  propagating  pulse.  We  show,  for 
the  first  time  that  this  can  be  accomplished  with  the  use  of  low 
dispersion  coplanar  slot  antennas. 

3 .  Experiment 

The  geometry  of  the  experiment  is  illustrated  in  Fig.  2.  An 
exponentially  flared  coplanar  transmission  line,  with  a  design 
impedance  of  100  ohms,  is  formed  from  aluminum,  deposited  on  ion 
bombarded  silicon-on-sapphire  substrates,  using  conventional 
photolithographic  techniques.  The  overall  length  of  the 
structure  was  7.9  mm  and  the  width  of  the  aperture  was  1.9  mm. 

The  photoconductive  generator  consists  of  a  relatively  long, 
approximately  4  mm,  section  of  transmission  line.  The  lines  are 
12  urn  wide  and  separated  by  25  urn.  This  structure  drives  the 


radiating  element  which  is  formed  by  flaring  the  remaining  4  mm 

of  transmission  line.  The  exponential  flare  was  of  the  form  W  = 

2Aexp(px),  where  W  is  the  separation  distance,  x  is  the  length 

parameter,  and  A  and  p  are  constants  with  values  of  2.55  and 

0.0263  respectively.  The  ratio  of  the  separation  distance,  w 
along  the  flare  to  the  width  of  the  transmission  line,  w,  was 
kept  constant  at  a  value  of  two.  Sampling  gaps  placed  along  the 
length  of  the  transmission  line  provide  a  means  of  determining, 
insitu,  the  shape  of  the  actual  photoconductive  pulse  driving  the 
antenna. 

The  transmitting  antenna  is  dc  biased  and  can  be  discharged 
by  photoconduct ively  shorting  the  transmission  line  with  a 
picosecond  optical  pulse  via  the  "sliding  contact"  method  [4]. 

The  current  pulse  is  guided  into  the  antenna  region  where  it 
radiates  an  electromagnetic  field  which  is  directed  toward  the 
opposing  antenna.  When  the  field  reaches  the  receiving  antenna, 
it  impresses  a  transient  bias  voltage  proportional  to  the 
strength  of  the  field,  across  the  gap  of  the  transmission  line. 
This  voltage  is  photoconductively  sampled  by  illuminating  the 
semiconductor  material  between  the  gap  with  a  second  picosecond 
laser  pulse  derived  from  the  same  source  as  the  pump  pulse  but 
delayed  by  a  variable  time  tau.  The  functional  dependence  of  the 
received  signal  is  determined  by  varying  the  time  delay  over  the 
duration  of  the  transient.  The  width  of  the  photoconductive 
pulses  is  controlled  by  bombarding  the  silicon  epilayer  with  high 
energy  0+  ions.  Ion  energies  of  100  Kev  and  200  Kev  at  dosages 
of  10  15  ions  cm-2  were  used  in  our  experiments. 

The  optical  pulses  were  produced  from  a  synchronously  pumped 
modelocked  R6G  dye  laser  pumped  by  a  frequency  doubled  NdrYAG 
laser  operating  at  1.06  urn.  The  dye  laser  pulses  had  measured 
durations  of  approximately  2  ps  at  a  wavelength  of  580  nm  and  a 
100  Mhz  repetition  rate.  The  average  power  was  12  mW  for  the 
pump  beam  and  47  mW  for  the  probe  beam.  A  standard  pump  and 
probe  arrangement  was  used  to  obtain  the  experimental 
measurements [ 1-4 ] .  The  time  delay  between  the  pump  and  probe 
beams  was  controlled  by  mechanically  positioning  a  retroref lector 
with  a  stepping  motor.  The  pump  beam  was  chopped  at  1.5  Khz  and 
a  lock-in  amplifier  was  used  to  detect  the  sampled  photocurrent 
from  the  receiving  antenna.  The  output  of  the  lock-in  was 
digitized  and  no  signal  averaging  was  necessary. 

4 .  Results 

Correlation  measurements  obtained  for  the  field  radiated  by 
the  new  structures  are  shown  in  Fig.  3(a).  The  two  antennas  were 
separated  by  an  air  gap  of  approximately  0.7  cm  and  the  spatial 
separation  of  the  pump  and  probe  beams  was  2.3  cm.  Transmitting 
and  receiving  antennas  were  identical,  except  the  transmitter  did 
not  have  the  sampling  structure. 

Illustrated  in  Fig.  3(b)  is  the  correlation  trace  of  the 
photoconductive  drive  pulse.  This  signal  was  obtained  by  placing 


the  probe  beam  on  the  gap  of  the  first  sampler  and  the  pump  beam 
between  this  point  and  the  bonding  pads.  The  data  clearly  shows 
that  the  antenna  structures  do  not  introduce  any  significant 
broadening  of  the  radiated  pulse,  indicating  that  the  coplanar 
structure  is  a  wide  bandwidth  configuration.  The  lack  of  any 
reflection  components  in  the  received  signal  imply  that  this 
structure  has  a  high  radiation  efficiency  and  totally  suppresses 
any  standing  wave  component [ 3 ] .  The  insets  in  Fig. 3  show  the 
autocorrelation  signal  for  the  optical  pulses.  Figure  4  depicts 
the  same  data,  except  in  this  case  the  pump  beam  was  focused 
between  the  two  sampling  arms  as  indicated  in  the  inset.  These 
results  imply  that  the  sampling  arrangement  used  in  these  devices 
present  a  small  impedance  mismatch  to  the  current  pulse 
propagating  down  the  transmission  line. 

Recently  reported  work  [5]  using  a  similar  material  has 
demonstrated  the  generation  of  photoconductive  electrical  pulses 
on  the  order  of  600  fsec.  These  results  support  our  previous 
conclusions  and  imply  that  our  antennas  can  be  directly  used  in 
the  femtosecond  regime. 

5.  Conclusion 

In  summary,  we  have  shown  that  these  new  structures 
eliminate  standing  wave  components  in  the  radiated 
field  and  are  extremely  broadband.  Furthermore,  the  radiated 
pulse  was  shown  to  be  a  replica  of  the  optical  excitation  pulse 
and  free  of  any  distortion  other  than  that  caused  by  the  inherent 
•dispersion  of  the  transmission  line  structure.  This  device 
exhibits  electrical  bandwidths  in  excess  of  200  GHz  and  is  one  of 
the  largest  bandwidth  antennas  ever  reported.  We  anticipate  that 
with  improved  processing  methods  we  will  be  able  to  generate  and 
radiate  sub-picosecond  transients  with  these  devices. 

The  authors  wish  to  acknowledge  the  generous  support 
provided  by  the  Air  Force  Office  of  Scientific  Research  under 
grant  number  AFOSR-84-0377 . 
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7 .  Figure  Captions 


Fig.l  Transient  response  of  the  original  antenna 

configuration.  The  inset  is  a  diagram  of  this 
structure. 

Fig. 2  Schematic  of  transmitter  configuration.  The 
receiver  is  identical  except  that  no  bias  is 
applied. 

Fig. 3  (a)  Correlation  signal  of  the  field  radiated  by  the 
devices  shown  in  Fig.l.  The  inset  shows  the 
autocorrelation  of  the  exciting  optical  pulse. 

(b)  Correlation  signal  of  the  photoconductive 
drive  pulse  propagating  on  the  coplanar 
transmission  line.  The  inset  shows  the 
autocorrelation  of  the  exciting  optical  pulse. 

Fig. 4  Correlation  trace  of  the  photoconductive  drive  pulse 
when  the  pump  is  placed  between  the  sampling  arms, 
as  shown  in  the  inset. 
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Bistability,  Self  Phase  Modulation  and  Stimulated 
Raman  Scattering  in  Single  Mode  Fibers 

Alfred  P.  DeFonzo  and  Nell  Gitkind 

Department  of  Electrical  and  Computer  Engineering 
University  of  Massachusetts,  Amherst  01003 

ABSTRACT 

Standard  telecommunication  single  mode  fibers  are  found  to  exhibit  bistable  behavior 
when  pumped  by  90  psec  1.06  micron  pulses  with  powers  exceeding  150  W  peak.  The 
bistability  is  accompanied  by  a  rapid  change  in  the  amount  of  self-phase  modulation  and 
stimulated  raman  scattering  of  the  pump  pulse.  We  estima+e  the  nonlinear  index  response 
time  rr  =  lxlO-15  and  the  relaxation  time  r  =  75  ps  by  attributing  the  bistability  to 
transient  self-focusing. 
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Introduction 


It  has  been  recently  reported  that  the  onset  of  transient  Stimulated  Raman  Scattering 
(SRS)in  single  mode  polarization  preserving  fibers  is  accompanied  by  the  saturation  of  the 
output  power  of  pump  pulses  launched  into  an  optical  fiber  [ I] .  This  saturation  of  output 
pump  power  is  of  immediate  practical  interest  in  achieving  maximally  chirped  pulse  power 
for  subsequent  pulse  shaping  and  compression.  Commercial  pulse  compressors  achieve 
high  output  powers  with  circularly  polarized  light.  In  this  letter  we  report  the  results  of 
an  investigation  of  self  phase  modulation  and  stimulated  ram&n  scattering  using  circularly 
polarized  light  and,  in  particular,  we  report  the  first  observation  ,  to  our  knowledge,  of 
bistability  in  the  output  power  of  the  pump  pulses.  The  bistability  is  directly  manifested  in 
the  intensity  of  SRS  and  the  magnitude  of  pump  chirp  at  some  critical  power.  This  effect 
is  of  practical  interest  as  a  limiting  mechanism  for  pulse  compression  and  as  a  mechanism 
for  controlling  or  rapidly  switching  relatively  large  amounts  of  laser  power. 

It  has  been  found  that  an  intensity  dependent  refractive  index  imposes  a  linear  fre¬ 
quency  chirp  on  optical  pulses  propagating  in  fibers.  These  chirped  pulses  can  be  com¬ 
pressed  by  means  of  a  dispersive  delay  line  implemented  with  a  diffraction  grating  pair 
[2].  When  driving  the  fiber  at  high  power  levels,  SRS  is  found  to  limit  this  process  by 
first  depleting  the  power  in  the  chirped  pulse  and  then  altering  the  distribution  of  spec¬ 
tral  component*  [3] .  Many  of  the  experiments  to  date  have  used  single  mode  polarization 
preserving  fiber.  We  have  found  that  by  driving  standard  telecommunications  fiber  with 
circularly  polarized  pulses  whose  center  wavelength  is  l.Otf  microns  we  could  readily  ob¬ 
serve  a  discontinuous  reduction  in  the  chirped  pulse  power  output  at  the  onset  of  SRS. 
Here  we  present  a  detailed  description  of  this  surprising  effect  along  with  an  analysis  of 
the  possible  origins.  The  analysis  of  such  effects  can  lead  to  a  better  understanding  of  t'.< 


nonlinear  properties  of  fibers  and  interesting  new  applications. 

Description  of  Experiments 

Linearly  polarized  optical  pulses  from  a  NdrYAG  laser  operated  at  a  wavelength  of 
1.06  microns  are  converted  into  circularly  polarized  optical  pulses  and  are  coupled  into  a 
standard  telecommunications  fiber.  The  circularly  polarized  output  is  then  converted  back 
into  linearly  polarized  light  and  passed  through  a  Glan-Thompson  prism  polarizer  with 
an  escape  window  .  Rejected  polarization  components  can  be  monitored  with  a  slow  pho- 
todectector.  The  total  transmitted  pulse  power  is  monitored  by  both  a  slow  germanium 
diode  and  further  resolved  in  the  time  domain  with  a  high  speed  InGaAs  photodetector 
(risetime=  35psec).  The  output  pulses  are  then  spectrally  resolved  with  a  grating  spec¬ 
trometer  (ISA  HR-320)  and  recorded  with  a  photodiode  array.  The  output  pubes  are 
further  spectrally  resolved  with  a  holographic  grating  pair  in  Littrow  configuration  and 
the  power  at  1.06  microns  monitored  with  a  slow  silicon  photo  diode.  The  spectrally  and 
temporally  resolved  pulses  are  displayed  on  a  Tektronix  7904  oscilloscope  outfitted  with  a 
S-4  sampling  head.  Integrated  intensities  of  the  1.06  micron  pube  ,  and  the  total  output 
power  were  plotted  on  an  XY  recorder  after  averaging  with  a  lock-in  amplifier.  The  input 
pulse  was  simultaneously  monitored  by  the  InGaAs  detector.  The  pump  pubes  were  90 
psec  in  duration  [FWHMj  and  the  average  power  could  be  continuously  adjusted  from  0 
to  8  watts  without  significant  change  in  fiber  coupling  by  means  of  a  prbm  polarizer  and 
a  rotating  waveplate.  Using  a  standard  microscope  objective  and  a  mild  prefocussing  lens 
we  achieved  60%  coupling  into  the  fiber. 

In  general,  we  were  able,  at  high  input  powers,  to  observe  spectrally  broadened  output 
pubes  centered  at  1.06  microns,  1.08  microns,  1.04  microns  and  1.12  microns.  The  stokes- 
antistokes  pair  at  1.08/1.04  microns  could  be  selectively  induced  by  adjusting  coupling  . 
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This  surprising  effect  is  suppressed  at  maximum  coupling  and  was  thereby  removed  from 
the  experiment*.  The  results  of  an  experimental  analysis  of  stokes/  antistokes  generation 
is  reported  elsewhere  [4].  At  low  input  powers  the  output  power  was  observed  to  be  in  the 
commonly  observed  [2]  form  of  linearly  chirped  pulses  spectrally  centered  on  1.06  microns. 
At  high  input  powers  two  pulses  were  observed  ,  one  centered  at  1.12  microns  and  another 
at  1.06  microns.  The  1.12  micron  pulse  exited  in  advance  of  the  1.06  micron  pulse  due  to 
their  different  group  velocities  in  the  fiber.  This  ‘Svalk-off"  phenomenon  has  been  reported 
elsewhere  [1,4,5]. 

The  result  of  an  examination  of  the  output  power  of  the  1.06  pulse  as  a  function  of 
the  total  output  power  integrated  over  both  the  1.06  pulse  and  the  1.12  micron  pulse  is 
presented  in  Figure  1.  For  comparison  purposes  we  have  also  plotted  the  general  form  of 
the  output  power  results  reported  for  polarization  preserving  fibers  [l].  Note  that  in  the 
present  instance  the  output  power  at  1.06  microns  decreases  precipitously  on  achieving  a 
total  continuous  output  power  of  1.5  watts.  A  slow  scanning  of  the  input  power  in  the 
vicinity  of  the  this  power  can  result  in  hysterisis  loops  also  indicated  in  Figure  1. 

Further  examining  this  effect,  we  measured  the  extent  of  chirping  about  1.06  mi¬ 
crons, and  the  total  output  power  in  the  SRS  pulse  as  a  function  of  the  total  output  power. 
This  data  is  presented  in  Figure  2.  Note  the  precipitous  increase  in  both  the  extent  of  the 
chirp  and  the  SRS  power.  These  results  were  readily  observed  in  fibers  of  widely  different 
lengths  ,(l0Qm,  300m  and  400  m)  ,  and  index  profiles  (Owen-Corning  1521  step  index  and 
1524  triangular  index). 
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Theoretical  Discussion 


A  complete  and  quantitative  description  of  the  nonlinear  pulse  propagation  in  the 
presence  of  SRS  and  self  phase  modulation  is  quite  complicated  and  has  yet  to  be  per¬ 
formed  (5).  The  bistability  reported  here  presents  an  opportunity  to  gain  insight  into  the 
mechanisms  surrounding  the  onset  of  SRS.  Our  present  objective  is  to  delineate  a  possible 
mechanism  for  bistability  and  examine  its  feasibility.  The  relationship  governing  the  power 
in  the  SRS  pulse,  P, ,  has  the  form: 


P «  ( t,L )  =  P„  (f,0)  exp  [G0L\ 
The  gain  factor  G  is  given  by  : 


(1) 


Go 


9o  P O  1*0 

Aeff 
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where  g0  is  the  peak  Raman  gain  coefficient,  A.fj  is  the  effective  area,  Pa  is  the  peak 
pump  power,  and  lw  is  the  effective  walk  off  length  [5]. 

The  magnitude  of  the  chirp,  Aumai,  is  related  to  the  maximum  optically  induced  rate 
of  change  in  index  .  If,  for  instance,  the  index  change  responds  nearly  instantaneously  to 
a  symmetric  pump  pulse  but  decays  in  a  time  on  the  order  of  the  pump  pulse  width,  then 
the  maximum  chirp,  being  derived  from  the  turning  points  of  the  pulse,  will  be  generated 
to  the  longer  wavelength  side  of  the  spectrum.  If  the  induced  index  change  exceeds  the 
critical  value  for  self  focusing,  the  beam  can  collapse  at  a  point  within  the  pump  pulse 
and  result  in  an  increased  rate  of  index  change  and  moving  focii  that  yield  a  discontinuous 
increase  in  the  chirp  the  magnitude  of  which  is  given  by  [6]: 


The  associated  beam  collapse  would  also  result  in  a  discontinuous  increase  in  the  SRS 
intensity. 

To  our  knowledge  ,  transient  self  focusing,  has  yet  to  be  reported  in  optical  fibers. 
It  is  not  easily  ruled  out  a  priori  and  is  intuitively  appealing  as  working  hypothesis  that 
marshalls  the  qualitative  features  of  our  data. 

One  may  examine  the  feasibility  of  a  transient  self  focusing  mechanism  by  estimating 
the  value  of  the  parameters  governing  the  optically  induced  index  change  that  results  in 
a  total  index  change  equal  to  or  exceeding  the  threshold  value  for  focii  formation.  The 

critical  power,  Pcr,  for  the  onset  of  optically  induced  focii  is  estimated  to  be  1^1 

where  A  and  c  are  vacuum  values  and  nj  is  the  familiar  nonlinear  index.  The  critical  index 
change  can  be  computed  from  the  relation,  A ncr  =  n?  |  Ecr  |2  where  the  critical  electric 
field  is  related  to  the  critical  power  through  a  knowledge  of  the  linear  impedance.  We 
calculated  Ancr  =  4.37xl0~*  for  a  circularly  polarized  beam.  The  actual  index  change 
induced  by  the  optical  pulse,  A  n,  can  be  estimated  by  assuming  that  the  net  rate  of  change 
of  the  index  is  equal  to  the  rate  of  increase  of  the  dynamic  index  due  to  optical  pumping 
minus  the  rate  of  decrease  due  to  relaxation  processes.  To  first  order  the  phenomenological 
model  takes  the  form: 


<9A  n 

~dC 


—  A  n0 An 

Tr  T 


(4) 


where  An0  is  the  forcing  function. 
Solving  for,  An,  yields  : 


MO  = 


r  /  \2)‘xp{~^-~^}di  (5) 

Tr  J  00  r 

Setting  Ano(ji/(r?)  |2)  =  n2|£|2,  n.2  =  l.lxlO-13  esu  and  using  a  gaussian  approxi¬ 
mation  to  the  pump  pulse  with  FWHM  =  90 ps  and  the  peak  value  E2  =  4.84xlO~M, 
determined  by  the  measured  SRS  onset  power,  we  obtained  values  of  r  and  rr  for  which 
the  maximum  value  of  An  equals  the  critical  value.  These  values  are  plotted  in  Figure  3 
(solid  line). 

To  gain  further  insight  into  the  dynamics  of  the  induced  index  change,  we  plot  the 
index  as  a  function  of  time  for  rr  =  1.83xl0-15sec  and  r  =  75 ps,  assuming  the  gaussian 
pump  pulse  measured  at  the  onset  of  SRS.  These  particular  values  of  r  and  rr  are  within 
the  range  of  values  found  in  literature  for  nonlinear  indices  in  bulk  SiO 2  [8].  As  shown  in 
Figure  4  the  index  change  attains  a  maximum  value  equal  to  Ancr  at  a  time  tj,  after  the 
peak  of  the  pump.  In  Figure  3  we  have  also  plotted  the  values  of  for  the  threshold  pump 
intensity  corresponding  to  each  pair  of  r  and  rr  that  yield  a  maximum  value  of  An  equal 
to  the  critical  value.  From  this  plot  one  may  estimate  where  self  focusing  begins  within 
the  pulse.  ' 

The  moving  focii  concept  of  transient  self  focusing  [6]  provides  an  interesting  way 
of  viewing  ths  onset  of  SRS.  Self  focusing  is  associated  with  a  very  rapid  index  change 
that  tends  to  precipitate  strongly  chirped  SRS  .  In  one  extreme  the  focii  may  be  quickly- 
dissipated  by  the  generation  of  SRS  or  higher  order  mode  generation,  thus  being  incipient 
or  virtual.  In  such  cases  bistability  may  not  be  observed.  In  the  other  extreme  the  focii 
may  receive  positive  feedback  through  the  SRS  process.  For  example,  if  the  SRS  pulse 
forms  at  the  trailing  edge  of  the  pump  pulse  and  propagates  at  a  higher  group  velocity 


net  optical  energy  will  be  transferred  forward  and  will  thereby  advance  the  point  of  peak 
optical  power  .  The  focii  ,  which  advances  faster  than  the  pump  velocity  begins  to  walk 
through  the  pump  pulse  into  regions  of  higher  optical  flux  and  is  reinforced.  This  process 
will  self  terminate  as  the  SRS  pulse  walks  off  the  pump  pulse.  This  purely  travelling  wave 
phenomenon  provides  a  bistability  mechanism  distinctly  different  from  the  standing  wave 
varieties  found  in  the  literature  [10]. 

Conclusions 

Optical  fibers  exhibit  bistable  behavior  when  pumped  by  high  power  pulses.  The  bista¬ 
bility  is  allied  with  the  onset  of  SRS.  Discontinuous  changes  i r  chirp  and  SRS  production 
strongly  indicate  the  presence  of  a  mechanism  which  involves  a  discontinuous  increase  in 
the  index  induced  by  large  optical  field  intensities.  Our  analysis  indicates  that  transient 
self  focusing  is  a  likely  mechanism.  Further  experimental  and  theoretical  investigation 
along  these  lines  should  provide  a  better  understanding  of  chirping  and  SRS  in  optical 
fibers.  We  intend  to  continue  these  investigations. 
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Figures 


Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Pump  power  out  versus  total  (pump  -f-Raman)  power  out  in  300  meter  single  mode 
fiber.  Solid  and  dashed  lines  are  our  data.  Dotted  line  shows  form  of  data  reported 
for  polarization  preserving  fiber  [l]. 

Chirp  of  the  pump  pulse  and  the  Raman  power  output  as  a  function  of  the  total  power 
in  a  300  meter  long  single  mode  fiber 

The  two  characteristic  times, r  and  ry  for  which  the  induced  index  change,  An,  attains 
the  critical  value  for  self-focusing  at  an  input  power  of  1.4  W  (solid  line).  The  dotted 
line  is  the  time  delay  ,  r,*  ,  between  the  pump  pulse  peak  and  the  time  at  which  the 
critical  index  is  reached. 

Theoretically  calculated  non  linear  index  change  as  a  function  of  time  for  r  =  75 psec 
and  rr  =  1.83xl0~15  for  Pav  =  1.4  W  (solid  line).  Also  shown  is  the  pump  pulse  as 
a  function  of  time,  FWHM  —  90p3ee  (dotted  line).  Note  that  the  index  reaches  a 
maximum  value  just  equal  to  the  critical  value  for  self  focusing,  An  =  4.37xl0-4  at  a 
time  td  =  38.6psec  after  the  peak  of  the  pulse. 
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Transient  btimul  a  Led  Ram.-n  Scattering 
in  ordinary  n i no l u -modo  fibuir 

I  vie.'  i  l  hit  kind  .inci  u.  \  .  DeFonzo 

Dcot-  of  Electrical  and  humoutor  Enqineerinq ,  Univ,  of  MussachufcO’hh-* 

mnherst.  Hrt  ului/3 


l  !  n  tr  n.iuc  I  l  •  jiI 


I !  i  ■£*  nrownio  „«ppi  l  *;  rtti  on  of  froquencv  chirped  pulses  duo  to  :<»i  r 
Phase  Modulation  ibPN;  m  oot.ical  ribora  lias  qenoratad  renewed 
interest  in  the  studv  or  Phi  mu l a tod  Raman  Scattering  (SRS;  ,  and  its 
of  fort  on  pump  put  sc*  chirping.  Much  or  the  recent  experimental  wort 
has  concentrated  on  pul  ar  i  ,:«l  ion  prMorvma  fibers  pumped  by  visible 
light  nr  !4di  ihI*  L:'i.l  radiation.  Others  have  studied 

■*i»r d i n«r  / "  floors  putiiped  in  the  visible  1. 4,eJ  and  bv  NdirnG  L7J.  Very 
t  arqc*  chirpy  lu/o  been  r  eported  for*  3RS  pulses  L1J  and  attention  is 
ovinti  incr  ea-singl  v  directed  toward  their  possible  use.  In  this  paper 
wo  report  the  results  of  an  experimental  study  of  the  generation  of 
bh*)  pulses  pumped  t>v  circularly  polarised  lldl  VA13  laser  pulses  at 
um  tpitak  throughput  powwra  up  to  4VJ0  Watts;  launched  into  an  <3roin*r*. 
oc*r  mam  urn  doped  r,  it  Kilo  mode  optical  I  lb&r  'Owens  Oorninq  1321.  core 
diametur  •■*  0./  mtoonsi. 

When  hRS  is  pumped  bv  short  enough  oulsos  in  a  long  enouoh  fiber 
the  Raman  radiation  will  separate  from  the  pump  radiation  due  to  their 
different  /elect Li*h  in  the  fiber.  The  SRS  pulse*  observed  to  date 
t ]  h>v»  been  down-shifted  in  frequency  by  440  cm-1  corresoondind 
i"  'hr  bi  oad  Raman  band  in  fused  silica.  We  also  observe  a  pulse 
correspond! mi  to  a  stronq  conversion  to  the  two  phonon  band  shifted  by 
gdO  cm-1.  in  addition  we  report  the  measurement  of  absolute  uumo  pulse 
propagation  delays  and  how  this  information  may  be  used  to  determine 
the  origin,  along  the  fiber,  of  the  Raman  pulse. 

The  existence  of  transient  stokes/ai  itt  -stokes  pairs  about  l.V's 
microns  in  a  sinqle  mode  fiber-  have  been  con  lectured  but  not  reported 
in  the  literature.  Stokes /an  hi  -stokea  generation  does  not  readiis 
occur  in  bulk  S102  because  the  phase  velocities  do  not  satisfy  the 
phase  matehinq  conditions  for  four  wave  minina.  We  report  here  the 
first  observation  of  strong  ERS  stokes/anti  -stokes  generation  in  .=*« 
r.ptical  fibers. 


i  Kxpor i mental 


BEST 

AVAILABLE  COPY 


,i,  l  setup 

the  axper lmental  set  up  is  schematically  shown  in  fiaure  I.  !»•„, 
optical  components  are  identical  to  those  we  have  described  in 
detail  «1  newborn  l/J.  une  hundred  Picosecond  pulses  from  a 
mods 'locked  MW  HH4  repetition  rate)  Ndi imU  laser  tin**,  peak  « 

B;*u  W;  are  circularly  polarised  and  coupled  to  Ah  optical  fiber. 
Measurements  yielded  a  coupling  efficiencies  between  S3  and 
percent,  the  pump  pulse- propagates  along  the  fiber  qeneratinp  a 


hr  onq  ciiirp  (due  to  r>l-TI,'  *nd  ^.irtous  vkS  pul  ?as.  Upon  c»  ;  i  tino  r  r.-e 

*  !  t*.-r  passi no  et  au«r fur  wave  p  l  ate  and  ««n  an  *  i «/ :;  er  *  tic-  ne*n,  <s 

t  n  t  ■  -ul  i  f  .  Mne  berm  p.-sct  toe  *  luqh  -:poed  ImSetHS  phot ode*  uc '.Or 
i  t.-  '  i  tin-?  -  .'i  ps  ’  .  Hu?  <  I  •■<  L  «c.  f  tv  outpu!  lc  t  c-mpoi  e>  1  1  v  annl  /;:«■>/.»  t>o  -  r,  ^ 
t-  'I  ino  hnad  u't'se  Lime  cuco'aeconds/  and  displayed  on  * 

'  'VI  1  rn.n  i  i-  /  '(’'4  osc. l  l  I  osciope.  >  mother  beam  i  %  directed  into  a>  oratum 
•nee l.romotnr  ilrn  HR..*2u »  outfitted  with  a  'Silicon  ohatadiode  irr#v. 

Mr-  (ill  put  oi  which  is  =  i  mul  taneousl  v  di  splaved.  The  a /or  sue  power 
®r  .»ll  wa /ol  <?nq  th-i  I’/uinii  the  tuber  is  monitored  ar«J  fur  <  tier 
!V  (sseri  i  lirouqh  I  io  I  our  *ph  i  c  or  a  Linn  pair  m  the  Littrow 

confiUMrvtion  tor  4>oatJ  a 1  >ruil  <319,  additional  spectral  unnl  .sh,  *nu 
-,:ii  en  t  i.i it<  1  mom  L  or  inci  of  the  pump  output  power. 

*  •  • 

i;.i?su  1 1  • 

2.  l  Spec  1 1  r.*  1 

Wi?  found  that  we  could  selectively  exci  fee  orouos  of  SftS  1 1  nt-s  bv 
>'.1iudtinq  the  cnuplinq  to  the  fiber.  At  optimum  couplinq  we  always 
ot?ser-/ed  the  440  cm-l  down-shifted  line  2)  alonq  wi  tli  a  two  phonon 

line  down-shitted  bv  <380  cm-l  <X*3).  Figure  2(a)  shows  the  er.cited 
spectr  a  at  this  count  inci  condition  for-  four  input  powers.  The  absence 
of  the*  second  order  SPt  spectrum  for  3.0  and  1.9  Watts  is  due  to  a 
I  a*: I  of  ^t.?ri5i  tivit  /  of  the  diode  array.  The  evolution  of  the  <  u  ?t 
Itsoian  l  i nv  is  char  ac  termed  bv  the  apoca-ance  of  a  doubt*?  hump  r  -c  the 
of  irtnh  h»*m an  conversions.  This  has  been  previously  oos.er  veo  in 
net  1 1  or- *3 1  nar  v  and  polarisation  oreservtnq  fibers  [5,41.  Note  jUo  the 
hr  <  i  <ion  t  no ,  due  to  bf-M,  of  Lhe  pump*  spectrum  with  increasinp  power  . 

*  ud  it  -s  mart,  mi  ,*v  vmniefcr  v .  At  hiqh  input  powers,  more  stokes  lino*  are 
induced,  however  the?  observation  of  those  lines  beyond  the  second 

or  'J'.-r  via*.,  at  40  prohibited  bv  the  response  of  our  silicon  photodiode 

*  r  f  a  v  . 

When  the  fiber  is  mi  scoup  1  «?d  Aonpl  mo  efficiencies  no  Greater 
than  wo  obsejr-. e  a  nearer  shaken  put  so  down-  shifted  bv  Hv  cm- 1  • 

«  I  •  it',  am.  i -stokes  counterpart  •  X  <*  1  >  •  *nd  )\  s2  't-'iqure  L  <  b  ? .  (he  *  wm 
(linnoii  pule*?  is  not  observed  in  this  ca«*a. 

2.2.2  temporal 

Figure  Z  19  a  collection  of  otici  1  1  os  cop*  traces  which  lorr'-rr-ue- 
>o  measurements  performed  on  a  400  meter  fiber*.  lhe  output  cuto  cui  s? 
i on  the  right .  As  the  input  power  is  increased  we  »ec  Urn  saw  u-w-c 
<>f  the  first  order  Raman  pul'.-8©  ^  leadinu  the  pump  pulse.  u 

‘ur-thor  increase  in  power  uelds  l  he?  observation  of  ^  s.»,  Hove  in.o 
in  (he  presence  Of  si  rortd  Raman  conversion,  the  pump  point?  acquit  -  i 
i  ( eept-ned  »»dqc?%  and  is  in  tact  shorter  than  at  the  input  despite*  tr-<* 

*  ■»mi?r»r  al  ipreadlnq  that  .?H  I  and  dispersion  tmoart  upon  if  l  a).  He*  « 

-<1  -.<>  *  ho  *,11(11.1)  der  on  Mu?  on*  put  pump  pulse.  Ihtq  us  tndicati  o  <n 

*i.  at  ter  if  id  to  /\*  t  which  wad  always  present  for  1  arqe  throughout  u© -♦ 
ii'iwi’i--*. .  m  menu  lor  from  <  )iu  fiber  input  beam  was  focused  onto  hit  ■•me 

*  •  i  nii'ihj  -Utudu  and  il'ion  of  its  peal  is  indicated  o  ’u  ?i  . 

d  I.  .  h.'Mi  mart".  1 1  <i  m  rii.'m.c;  lit  Kvidet  ai  t*bsoluie  ImJK  4  n>t  ••»  i* 

-  -i  viija  m  tunc  <>f  n  i  i  a  I  or  Mv?  numb  c  *  l  «,©  an  tht?  tnoul  ecwcf  * 
h  .(f.-.f.  -  o'.--  •-(  SI  oil?  <  imiuH.  !-  i*Hii  s  4  I'd  a  plot  Of  the  if’  i  ,«-i  1-jo  -.1 
Mu*  pi  lino  pul  ,er  rM-  if'pu*  rn?»‘if.»i  .  Mote  that  hlphet*  mo"l  mi*’  s 

in  a  I  «rnf*r  dpi  a !■•*.  *nd  heu*.«  a  slower  IravHlthij  OMmi?  pvH  »». 


AVAILABLE  COPY 


llio  rather  large  relative  errors  are  due  >.o  small  chanqo3  in  couplina 
ef  Mci(?m:v  from  run  to  run.  I  data  indicates  that  qreater  coup  lino 
'  Kfjt.il  l:s  in  a  steeper-  line  shifted  to  lower  powers. 

when  Mie  coupling  is  adjusted  to  induce  the  and  A  *1  SR'a 

'flu*  was  done  by  translating  the  fiber  end  in  the  plane 
pe-r  pendi  cu  l  ar  fo  the  beam  <).-us)  the  output  spectrum  changes 
continuously  but  is  bound  by  two  extreme  cases.  In  one  case  we  see* 
the  most  coupling  to  the  anti -stokes  line.  It  appears  in  a  well 
defined  "doughnut"  pattern  having  an  angular  distribution  spanrunq  5c 
to  114  (nr  ad  ^interior  to  tho  fiber*.  This  coupling  produces  the 
cor  respond  I  nq  stokes  l  tun  having  a  comparable  strength.  The  o  kh  re¬ 
condition  ifiiuimuies  coupling  to  the  stoles  wavelength.  In  cuss 
condition  we  see  weak  coupling  to  the  anti-stakes  wavelenqth.  large 
conversions  to  and  more  up-shifted  radiation  (having  a  central 

soatial  null)  continuously  distributed  between  the  pump  wavelength  and 
the  anti  -Stokes  wavelength.  This  m.iv  be  further  anti-Stokes  creation 
due  to  the  broadband  stokes  radiation  observed  under  these  coupling 
conditions.  Figures  i»  and  ^:b  correspond  to  this  coupling  condition, 
in  figure  5  there  are  three  distinguishable  output  pulses.  The 
lagging  pulse  (on  right)  corresponds  to  the  MdrYAB  pump  pulse.  The 
middle  pulse  is  the  SR3  pulse  at  1 . 03  microns  arriving  135  psec  ahead 
of  the  pump  pulse.  the  leading  pul3e  is  again  the  440  cm-1  shifted 

Raman  oulse  at  1.1^  microns  and  leads  the  pump  pulse  bv  435  psec. 
fhe  an t i -stokes  pulse  contains  higher  frequency  components  and  would 
hence  lag  the  pump  pulse.  Due  to  a  low  level  of  conversion  to  this 
frequency  and  ringing  in  (.lie  trace,  the  pulse  is  not  visible. 

theoretical 

I  temporal  Dependence 

The  analysis  of  the  temporal  walk  oft  due  to  fiber  material 
dispersion  presented  here  is  based  on  the  analysis  recently  presented 
m  fhc?  literature  1. 23.  Stolen  has  proposed  a  simple  intuitive  model 
tor  pulse  walkoff  and  its  relation  to  SRS  gain.  Basically,  tne  3RS 
ouisw  "walks  through"  the  pump  pulse  due  to  the  differential  in  group 
/elocitv.  Developing  a  general  theoretical  picture  of  such  oheoomon* 
is  obviously  very  difficult.  Numerical  simulations  which  indicate  the* 
comoleMity  of  the  processes  have  been  pert armed  for  particular  cases 
trl,  W©  approach  the  problem  super  I  mental  1 v  bv  isolating 
qualitatively  different  phenomena  and  using  relatively  simple 
intuitive  concepts  to  organic©  s»nd  quantity  the  salient  features  of 

1 1  »*  '  1  d  t  9  . 

Mrs*  we  ok  amine  tlin  w.»U  -off  rates  of  th«  various  pulses.  irtrv:** 
the  /jrtous  sRm  pulses  are  well  defined  in  the  time  domain,  rate  of 
w. ii  -i iff  nmv  be  estimated  in  lowest  order  through  knowledge  of  tire 
material  dispersion  p  •;  l  ambd  a  >  U'.'.l  for  thn  "center"  wavelengths  of  nne 
Raman  and  pump  pulses.  from  i.  .1  1 1 

'iJuHj  i. •  hi  |  ambdaMdel  t.j  nu* 

'I'll'ii  k  **  -- .  “  ----  -  » |  > 

*  nu 


vtn*  •?  n 


i  ta  the  tihor  mm  i*  fch©  u©ftcv*  *m<3  ti*-! 


tv.  the  frequency  separation  between  the  pump  and  stol.es  Imors.  1  so 
w '■  mav  define,  after  Stolen  w  wall-off  length,  lw,  to  be  the* 

di  4 tone c?  it  t  il  es  for  a  longer  wavelength  Raman  pulse  to  pass  through 
a  slower.  copr  opaqat.  t  ria  pump  pulse  of  width  I".  For  a  i  uu  psec  Mo:  imIj 
,-.ufnp  pulse  and  x  t.a  44U  cni-1  down  shifted  Raman  line  this  lenath  is  /«.* 

,h.  u;‘>tdnr.e  alona  the  f  i  her  may  be  normalized  bv  this  parameter. 

'.ii  .en  the  delay  between  the  pump  and  stokes  lines  at  the  fiber  output 
;,i  irl  ».bo  r  <t  I  i.ulated  walk-off  rate*  the  origin  of  the  SftS  pulse  can  bo 
I  l  m.»  fed .  With  i.hu  additional  knowledge  of  the  absolute  delay  of  *.r«? 
,j,,p„p  pi.i  i  se  one  can  more  accurately  calculate  the  point  of  Raman  pulse 
,;i  i,Hn.  i-iciLir't?  &  i  a  a  plot  of  this  calculation.  In  our  cast?, 

Ifiowledae  of  the  absolute  delay  corrects  the  calculation  bv  as  much  as 
s,  factor  of  two  m  distance  from  the  fiber  oriqin.  The  longer  fee 
.  \  |jc*r  and  the  higher  the  conversion,  the  more  this  correction  becomes 
i  ,<»ces*aar  . 

Anti -Stokes  generation 

Wr?  attribute  the  anti -stokes  generation  to  a  parametric  process 
Lit).  The  rol lowing  phase  matching  condition  must  be  satisfied* 

.:t:p  *  ks  ♦  kaa  i:2> 

hor  mi  isotropic  medium  havmq  normal  dispersion  this  condition  c.*n 
,  j, ,  i  .  r,«  satisfied  when  kas  and  ks  are  not  codlrocti  oriel  with  kp  <i.e. 

Ill  -  wrt/c  >  Hence  the  theory  of  anti -stones  scattering  predict*  '.hr* 

■  inner  a  f  i  on  of  a  cone  like  sheath  of  radiation  emanating  from  the 
i  nf  nr  action  region  '.where  phase  matching  is  satisfied).  For  pi-*n© 
w-i.e  mis:  mg,  the  cone  half-angle,  beta,  Is  given  by: 

beta  «  1  . . . .  1  J ’ 

n  w  S 

Hi*.*  nhovo  relation  yields  beta  *5  16.3  mrad  < .  93  deqrees).  In  t  no 

Mbnr  however  the  observed  fundamental  mode  in  which  the  pump  mv  ?»•  ; 
,ll  down-shifted  lines  were  observed  in  Is  anaularlv  distributed  *-*"r 
about  /'■<  mr ads  corresponding  to  a  fiber  hi. A.  of  0.11  .  i)ue  'o 
distribution  of  k  vectors  in  the  mode,  it  is  necessary  to  intern  at* 
o/pr  all  phase  matching  conditions  that,  can  etsist  in  the  fiber.  niso. 
it  =.©lf  focussinq  is  occurring  in  the  fiber  '.this  is  consistent  wm,  a 
r,i  stability  we  observe  In  the  riber  C 7 1 )  ,  this  will  broaden  th<»- 
uiinnrved  distribution  Ll*’J/  n  complete  analysts  of  tins  phenomenon  it, 
ni'/onrl  the  scope  of  this  oaocr. 

|  In  e,r-M?iSi  Otl 

In  l.li*?  absence  of  pump  dfoletion  the  stokes  radiation  mu  <  i 
Urn  fiber  with  the  iagqtna  edge  of  the  pump  pulse  will  see  th- 
nam.  fame.©  the*  pump  pulr-e  ts  about  <2  cm  long  in  alass,  the  » 
bn  tween  the  stoke*  line  and  the  pump  line  beams  earlv  in  the  *  *  ■  * 

-nrJ  much  of  me  interaction  would  be  expected  to  have  taken  m 

m,„  ,,,,j  the  Mr  3 1  wultoft  length.  With  oumo  depietton,  the  m.v  i 

.  i  ,.j  ,?c,  u"  I  ':t  wt  :  »  ijo.oiop  from  earlier  pot  ;  ions  Of  the  pump  a- 
, .  ,r  i  i  r..  f.h?  f  i  b*r  ('stolen  ha*  also  noted  this  trend!.  :  r> 

,-f  set  f- tnc-ussi f»ii  ♦  he  Hamah  gain  (being  proportional  ft*  •  =•*  ■  •*  ■ 

dun?!  tv  f.  ,:j»  is  further  increased,  presumably  placing  the  erio---  ■* 


M-i"  Kama*.  puls®  vet  i?dr  I  i  c*r  .  On  f  he  other  nsnd,  too  famporcl 
I  >r  OiiuJtMi  1 1  i'j  or  the  pump  put  ti*  duo  to  'nidi  -.md  group  velocity  g  i  <toor  ,  t  or  - 
"Oil  i*  no  i  o  pu-h  t  ho  creation  point  of  the  SR&  pulses  rut  «  her  in*c* 

1  li's?  fiber  is  it  will  snnpl  v  take  longer  to  walk  through  the  wideic-.i 
pump.  I  tie  dtii.e  i  ndiceii .0*  that  1  or  small  haman  con  vc>r  hi  ons .  the  ini 
r,".i  i  v:>  15  o  >:?..(  c  eh  between  two  end  throe  waikoff  lengths  into  the  ubf-r 
•ini  tti-Hl  tor  1  di'oe  c'Oiv.  i?r*)  urns  tin?  cnjatif/ii  region  15  indeed  ear  li**i 
in  f.I.u  t-ihi*r  -11111  coi  10 1...U  1 1  at  about  I  . 'd  wal k -of f  lengths  tr  am  the 
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The  results  of  a  systematic  study  of  the  propagation  of  high,  average  and 
peak  power,  circularly  polarized,  mode  locked  Nd:YAG  laser  pulses  in  400  m  and 
50  m  fibers  is  presented.  The  first  direct  observation  of  a  stimulated  Raman 
scattering  pulse  at  1082  nrn,  its  frequency  cnirp  and  respective  walkoff  Is 


presented . 
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Recent  interest  in  optical  puls-:  compression,  particularly  at  1.06  yin  has 
resulted  in  several  experimental1  and  theoretical*  studies  of  the  Interaction 
of  Stimulated  Raman  Scattering  (SRS)  and  Self-Phase  Modulation  (SPM)  in 
polarization  preserving  fiber.  Similar  work3  has  been  reported  for  shorter 
wavelengths.  In  this  paper  we  shall  discuss  the  interaction  of  SRS  with  the 
self-phase  modulated  pump  pulse  using  non-polarization  preserving  fiber  at 
throughput  powers  of  1  to  M.5  watts  continuous.  We  observed  for  the  first 
time,  the  generation  of  an  SRS  pulse  at  1 .082  ym  which  can  be  excited  either 

alone  or  in  tandem  with  the  previously  reported  1.12  urn  SRS  pulse.  These 

0  0 

pulses  can  exhibit  exceptionally  large  spectral  broadenings  of  70  A  and  M00  A 
respectively  and  may  present  an  opportunity  to  generate  extremely  short  pulses 
at  these  two  wavelengths. 

Our  measurements  are  made  with  an  85  psec,  1.06  ym  pulse  from  an  actively 
mode-locked  Nd:YAG  laser  focused  onto  a  single  mode  fiber  (Corning  1521,  8.7  ym 
core  diameter).  The  incident  pulse  is  circularly  polarized,  and  only  this 
polarization  component  of  the  exiting  pulse  is  analyzed  and  studied  in  these 
experiments.  Both  a  50  meter  and  a  M00  meter  fiber  were  investigated. 

We  present  three  cases.  Figure  1  shows  the  exiting  pulse  and 
corresponding  spectrum  for  the  50  m  fiber.  No  Raman  pulse  was  detected, 
however  the  slight  assymetry  of  the  SPM  spectrum  Is  indicative  of  nominal  Raman 
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conversion.  For  the  400  m  fiber,  we  find  that  there  exists  substantial 
interaction  length  to  promote  higher  Raman  conversions.  Figure  2  shows  the 
1.12  um  Raman  and  Nd:YAG  pulses  as  they  exit  the  400  m  fiber.  The  Raman  pulse 
leads  by  approximately  420  psec  because  of  its  differing  group  velocity.  The 
assymetry  in  the  Nd:YAG  spectrum  is  indicative  of  strong  Raman  conversion. 
Figure  3  shows  the  propagation  of  the  Raman  line  at  1 .082  um.  This  pulse  leads 
by  185  psec  and  has  also  caused  a  drastic  assymetry  in  the  Nd : YAG  spectrum 
(figure  3B  at  left).  Also  seen  was  an  anti-stokes  line  centered  at  1.046  um. 
However  conversion  to  this  wavelength  was  never  large  enough  to  produce  an 
observable  pulse.  Thus  we  have  seen  a  new  Raman  component,  in  isolation,  and 
observed  its  effect  on  the  pump. 

Early  interpretations  of  the  pump  depletion  process1,2  -  state  that  the 
Raman  pulse  grows  as  it  walks  through  the  pump  pulse  and  attains  a  maximum  when 
it  reaches  the  leading  edge  of  the  pump.  Furthermore,  because  the  pump  pulse 
is  chirped,  the  leading  red  components  will  be  preferentially  eaten  away.  The 
1.082  um  pulse;  however,  presents  a  seemingly  anomalous  situation.  The  Nd:YAG 
spectrum  in  this  case  (Fig.  3B  on  left)  shows  the  blue,  or  lagging  end  to  be 
preferentially  depleted.  This  suggests  that  due  to  its  lesser  walk  off 
velocity,  the  Raman  pulse  is  saturated  before  completing  its  walk  through  the 
pump  pulse. 

A  variety  of  parameters  such  as  throughput  power,  fiber  winding,  bending 
and  length  strongly  affected  the  fiber  output.  These  effects  will  be  discussed 


in  detail. 
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Spectral  and  time  domain  traces  of  1.06  yin  pulse  after  propagation 
through  50  m  of  single  mode  fiber.  (A)  Output  pulse  measured  with  a 
fast  photodiode  and  sampling  oscilloscope  (47  psec  system  risetime). 
100  psec  per  division.  (B)  Spectrum  of  output  pulse.  Origin  of 
horizontal  scale  is  the  wavelength  of  incident  1 .06  ym  pulse. 

Walkoff  of  1.12  yin  Raman  pulse  and  corresponding  spectra  after 
propagation  through  400  m  of  single  mode  fiber.  (A)  Exiting  Raman 
pulse  at  left,  Nd:YAG  pulse  at  right.  100  psec  per  division.  (B) 
Exiting  Nd : YAG  spectrum  (C)  1.12  pm  Raman  pulse  spectrum.  Origin  of 
scale  is  1.12  urn. 

Walkoff  of  1 .082  ym  Raman  pulse  and  corresponding  spectra  after 
propagation  through  400  m  of  single  mode  fiber.  (A)  Raman  pulse  at 
left,  Nd : YAG  pulse  at  right.  100  psec  per  division.  (B)  spectra  of 
Nd:YAG  pulse  at  left  and  1.082  ym  pulse  at  right.  Scale  origin  is  the 
wavelength  of  Incident  1.06  ym  pulse. 
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ABSTRACT:  We  discovered  and  investigated  optical  bistability  in 
single  mode  telecommunication  fibers  excited  by  circularly 
polarized  90  picosecond  pulses  at  1.06  microns. 
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We  report  the  first  observation  of  optical  bistability  in 
the  transmitted  power  of  a  single  mode  optical  fiber.  The 
bistabilty  occurs  when  the  fiber  is  pumped  with  intense 
modelocked  pump  pulses  at  1.06  microns  .  The  switching  of  the 
output  occurs  near  the  threshold  for  Stimulated  Raman  Scattering 
and  is  accompanied  by  a  discontinuous  jump  in  the  exiting  SRS 
out  and  in  the  magnitude  of  the  pump  pulse  frequency  chirp.  Slow 
scanning  of  the  pump  power  in  the  vicinity  of  the  bistability 
results  in  large  area  hysteresis  loops.  Systematic  investigations 
indicate  the  presence  of  a  mechanism  that  produces  discontinuous 
changes  in  the  optical  intensity  and  index  of  refraction 
reminiscent  of  transient  self  focusing. 

The  experimental  set  up,  similar  to  one  used  in  the  study  of 
SRS  [1],  is  schematically  depicted  in  Figure  1.  Linearly 
polarized  pulses  at  1.06  microns  are  converted  to  circularly 
polarized  light  and  coupled  into  a  standard  telecommunications 
fiber  (OWEN  CORNING  1521).  At  low  powers  the  circularly  polarized 
light  exiting  the  fiber  is  converted  into  linearly  polarized 
light  and  passed  through  a  Gian  Thompson  prism  with  an  escape 
window  to  allow  monitoring  of  optically  induced  changes  in  the 
state  of  polarization.  The  total  transmitted  pulse  power  is 
monitored  by  both  a  slow  germanium  diode  and  further  resolved  in 
time  with  a  high  speed  InGaAs  photodetector  (risetime  =  35 
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picoseconds) .  The  output  pulses  are  then  spectrally  resolved  with 
a  grating  spectrometer  (ISA  HR-8)  and  recorded  with  a  photodiode 
array.  The  remaining  output  beam  is  also  further  spectrally 
resolved  with  a  diffraction  grating  pair  in  Littrow  configuration 
and  the  power  at  1.06  microns  monitored  with  a  slow  silicon 
diode . 

The  output  power  of  the  pump  pulse  is  plotted  as  a  function 
of  the  total  output  intensity  in  Figure  2.  The  dotted  line 
indicates  the  general  form  of  earlier  experiments  performed  on 
polarization  preserving  fiber[2  ]  .  At  an  input  power  of 
approximately  2.o  watts  the  output  power  of  the  pump  suddenly 
decrease.  The  dashed  lines  show  the  results  of  slow  scanning  the 
critical  region.  A  large  hysteresis  loop  is  observed.  Further 
investigating  the  effect,  we  found  a  corresponding  sudden 
increase  in  the  SRS  output  and  the  Magnitude  of  the  chirp  about 
1.06  microns  as  shown  in  Figure  3. 

The  general  results  are  summarized  in  terms  of  a  model  [3] 
of  the  optically  induced  index  change  in  the  fiber.  The 
accumulated  index  change  can  be  determined  from  a  rate  analysis 
and  for  a  gaussian  pump  pulse  has  the  form: 
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Where  A  J  the  drivin<?  term  and  E  is  the  optical 

field  for  a  gaussian  pulse.  When  the  total  index  change 
=4.37x10^-4  the  cr :ssectional  area  of  the  pump  pulse  suddenly 
decreases,  resulting  in  a  further  abrupt  change  in  index,  that  in 
turn  results  in  increased  SRS  ,  chirp  production  and  optical 
feedback  .  The  critical  index  change  corresponds  to  the  critical 
power  for  self  focusing  in  bulk  Si02.  We  are  presently 
investigating  these  surprising 


effects . 
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FIGURE  CAPTIONS 


Figure  1.  Schematic  of  Experimental  Set  Up. 

Figure  2.  Pump  power  out  versus  total  (pump  +  raman)  power  out 
for  300  meter  single  mode  fiber.  Solid  and  dashed  lines  our  data. 
Dotted  line  shows  from  of  data  reported  for  polarization 
preserving  fiber  [2]. 

Figure  3.  Chirp  of  the  pump  pulse  and  the  Raman  power  output  as  a 
function  of  the  total  input  pump  power  in  a  300  meter  long  single 


mode  fiber. 
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